Cereal rye (Secale cereale L.) is widely used as cover crop because of its allelopathic effects and effectiveness in weed suppression. In the Southeastern US, rye is traditionally grown for winter grazing in dormant bermudagrass pastures, where alfalfa (Medicago sativa L.) is increasingly planted as a companion crop. The effect of cereal rye on alfalfa as a succeeding crop is not known. Therefore, the objective of this study was to evaluate the effect of cereal rye on alfalfa seedling emergence, growth, forage yield, and weed suppression in field conditions. Rye was planted in the fall (mid-October) and the biomass was harvested in spring (March) followed by disking and incorporation of the remaining stubble in the soil. Alfalfa seed was planted four weeks later. The experiment design was a split-plot design with the main plots being no-rye and after-rye and the sub-plots being alfalfa cultivars. Ten alfalfa cultivars were planted in three replications after-rye and three replications with no-rye as a previous crop. In the establishment year, weed density was significantly (p < 0.01) lower in the after-rye alfalfa plots by nearly 77%. Alfalfa seedling counts were also significantly lower (p < 0.01) among the cultivars planted in the after-rye block compared to the no-rye, with a seedling count reduction between 35% and 64%. Reduction in total dry biomass yield varied from 15% to 43% among the cultivars planted in the after-rye block. The results of this study also suggest that the allelopathic effect of rye on alfalfa may not persist beyond the establishment season, but the enormous yield reduction in the first production season may constitute a costly economic penalty in terms of forage production. There was variation in the response of different alfalfa cultivars to the effect of rye residue as indicated by the variation in the magnitude of reduction in stand count and forage yield. This warrants more research in multi-location trials with and without rye in order to establish whether there is genetic variation in alfalfa germplasm in their tolerance to cereal rye allelopathy. 
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Introduction
Alfalfa (Medicago sativa L.) is a perennial, cool season, C3 forage species cultivated throughout the world and is primarily used for hay, pasture, silage, and cover crop [1] . Alfalfa and its mixtures make most of the hay production in the US, with nearly 7 Million ha planted in 2017 [2] . Alfalfa makes cropping system sustainable by reducing soil erosion, enhancing soil quality, and fixes atmospheric nitrogen in the soil [3] . As a perennial crop, alfalfa persists for multiple years, reducing the cost of establishment. Several biotic and abiotic factors pose challenges to alfalfa seed germination, emergence and seedling growth in the establishment phase. Weeds compete with alfalfa for light, water, and nutrients [4] [5] and consequently reduce yield and forage quality [6] . Newly established stands are especially more vulnerable [7] , but older stands [8] and frequently cut stands [9] [10] are also affected. Therefore, the first year of planting is very crucial in terms of crop establishment, biomass yield, and stand persistence of alfalfa.
In the Southeastern US, alfalfa is increasingly grown as a companion crop in bermudagrass pastures. It offers producers a significant profit potential through selling hay, or by grazing or conserving the surplus as haylage. Most of these growers were attracted to alfalfa because they have seen enormous improvement in the quality of their hay, and they were able to save on the application of nitrogen fertilizer. Studies evaluating the sustainability of production of alfalfa interseeded in bermudagrass showed that alfalfa competes well with bermudagrass, even in drought conditions [11] . Another part of the forage system in the region is cereal rye that is grown for late fall and early winter grazing when bermudagrass goes dormant. There is no information available of the reaction of alfalfa if planted following cereal rye. The allelopathic effect of rye has been recognized since the early 1980's, and a number of studies have illustrated the extent and severity of rye allelopathy over other species [12] . Rye reduced the density and biomass of weed species such as redroot pigweed and common lambsquarters, when used as cover crop mulch in soybean, and enhanced soybean yield [13] .
Utilization of winter rye cover crop reduced corn biomass yield by 10% to 15% and the effect was more severe under no-till system [14] . The role of cereal rye (Secale cereal L.) to suppress weeds was described extensively [15] [16] . To control weeds in other crops, rye can be utilized as cover or mulch. However, to control weeds, highly allelopathic rye cultivars are required [17] . The influence of rye residue on germination of different plant species such as lettuce (Lactuca sativa L. "Ithaca"), proso millet (Panicum miliaceum L.) [18] , and corn was described [17] [19] . Barnes and Putnam (1987) reported the effect of two phytotoxic such as, lettuce (Lactuca sativa L.), tomato (Lycopersicon esculentum Mill.), barnyardgrass (Echinochloa crusgalli L. Beauv.), cress (Lepidium sativum L.) etc. [16] . Another phytotoxic compound extracted from rye is hydroxamic acid (Hx), which is exuded from plant roots and can reduce weed biomass by up to 80% compared to other cover crops [20] . Further, the Hx released from rye also inhibits the growth of other species such as Avena fatua [21] .
The term "allelopathy" refers mostly to detrimental interactions between plant species, and is triggered by allelochemicals produced by one of the plants [22] . In addition to producing allelochemicals, allelopathic crops and their residues also produce microbial toxins at the time of decomposition, which jointly create a phytotoxic environment [23] . Allelochemicals are released from plant roots, leaves, and stems [24] and affect other crops within the same area [25] . Allelopathy has been exploited for controlling weeds either by growing allelopathic crops prior to planting main crops or by isolating and applying the active natural compounds from the allelopathic crop as natural herbicides [26] [27] . Crops such as rice (Oryza sativa L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), oat (Avena spp.), cereal rye (Secale cereale L.), soybean (Glycine max) etc. have been recognized for their allelopathic activities [27] . Similarly, allelopathy of some legumes such as black gram (Vigna mungo) [28] , mung bean (Vigna radiate) etc. have also been reported [29] . Allelopathy has been used to manage weeds and is considered as natural herbicides that are safer to the environment compared to synthetic herbicides [30] . For instance, phytotoxic products from sorghum (Sorghum bicolor L.) and Sudangrass (Sorghum sudanense) hybrids were effective in suppressing alfalfa, Johnsongrass, annual ryegrass (Lolium multiflorum L.), common lambsquarters and large crabgrass [31] . Similarly, rice hull incorporated alfalfa-rice-byproducts were reported as very effective allelopathic materials to inhibit weed emergence in paddy fields [32] . Alfalfa pellets were effective in suppressing the emergence of Eleocharis acicularis and Rotalaindica when applied at the dose of three tons ha −1 [33] . Additionally, alfalfa decomposed roots acted as allelopathic agents on bladygrass (Imperata cylindrica) and reduced seed germination by 50% [34] . Alfalfa is also recognized for its own autotoxicity and researchers have recommended not planting alfalfa seed in an established alfalfa stand [33] .
In recent years, scientists have acknowledged allelopathy as a biotechnological tool to manage weeds targeting either the transfer of allelopathic genes from donor plants to the crop of interest through breeding or genetic engineering, or by enhancing the crop itself to produce phytotoxins via cell cultures [22] . In rice, scientists have explored the variability in allelopathy among different cultivars and identified quantitative trait loci (QTL) associated with rice allelopathy [35] .
Rice cultivars with increased allelopathy have also been identified [36] . In other crops such as wheat, QTLs underlying allelopathy and molecular markers were also identified [37] . Moreover, sorghum cultivars that differ in their ability to produce allelochemicals were reported, where some cultivars showed higher allelopathic effects with potential to use for trait improvement [38] . Other reports discussing the genetic mechanisms and the genetic diversity involved in allelopathy are available. Horton et al. (2005) reported that variability is present in different rye cultivars with respect to their content of allelochemicals [39] . Variability in rye cultivars for BOA, benzoxazinoid, and other allelochemicals was reported [17] [40] [41] . Brooks et al. (2011) reported that the production of the allelochimical benzoxazinoid in rye is a heritable trait [42] . Similarly, Xuan and Tsuzuki (2002), reported differences among alfalfa varieties in their allelopathic potential and suggested that allelopathy could be controlled by several genes [22] . Furthermore, two alfalfa varieties, Rasen and Yuba, were selected among eight cultivars for their higher allelopathy potential to suppress weeds such as lettuce (Lactuca sativa L.) baryardgrass (Echinocholoa oryzicola), and monochoria (Monochoria vaginalis) in rice fields [32] .
In this study, we evaluated the allelopathic effect of rye residues grown as a winter crop on subsequently planted alfalfa cultivars. Cereal rye is a major winter grazing crop in livestock production systems in the southeastern US. Because of its cold-tolerance compared to other small grains. Rye provides the most fall grazing, but matures earlier, allowing for crops such as alfalfa to be planted successively in spring. The responses of alfalfa to the allelopathic effects of rye have not been documented. Therefore, the objectives of this study were, 1) to assess the effects of rye on alfalfa seed germination, seedling growth, weed invasion, and forage yield, 2) to evaluate the performance of different alfalfa cultivars in their response to rye allelopathy.
Materials and Methods

Plant Material and Experimental Design
The experiment was conducted at the J. Phil Campbell Sr. Research and Education Center, Watkinsville, Georgia (33˚52 '11.849 Plots on the left show different alfalfa cultivar planted in an area that has no-rye as a previous crop. The plots on the right show the same cultivars planted following rye (After-rye). Establishment in the after-rye plots was poor even though there was a minimal presence of weeds in the plots.
"treatment" had two levels, after-rye and no-rye, and the sub-plots were the alfalfa cultivars with 10 levels.
In the after-rye block, cereal rye was planted as a winter cover crop on 12 Oc- Weed species present in each block were identified and recorded (Table 3) 
Data Analysis
Data analysis was performed using SAS 9.4 (© SAS Institute Inc.) and JMP (JPM 13.0) software. The means and variances of variables under consideration were estimated using PROC GLM (α = 0.05) procedure in SAS. Pairwise comparisons between variable means of 10 genotypes were conducted using Tukey's post-hoc test, where the overall group means were statistically significant [44] . Pairwise comparisons were made for the means of seedling count (SC), height, and total dry weight (DWT) (Figure 2 , Table 1 and Table 2 ). In order to assess the magnitude of rye effect, percentage reduction in mean seedling count (SCR%) and percentage reduction in total dry weight (DWT%) for the genotypes under both growing environments were estimated for the year 2015 data (Table 1 and Table  2 ). Percentage weed cover in each plot was visually estimated and the weed species were identified and recorded (Table 3 ). Correlation between stand counts and dry weight biomass for the year of establishment was estimated using Pearson's correlation coefficient.
Results and Discussions
Seedling Emergence and Establishment
Seedling counts (SC) were significantly different (p < 0.01) between the no-rye and after-rye treatments in 2015 ( and had relatively lower number of SC in the after-rye condition (Table 1) .
Seedling counts of the cultivars under both growing conditions was strongly correlated to each other (r = −0.60, p < 0.01). The mean SC over all the genotypes under no-rye was nearly twice that in the after-rye block (27.7 and 14.4, respectively). This implies that seed germination and seedling emergence of all the alfalfa genotypes were affected by rye allelopathy.
Under normal conditions of seed germination and no allelopathy, seedling count reduction percentage (SCR%) between the same cultivars can be expected to be near 0%. A large SCR % indicates a strong allelopathic effect on the germination. The cultivar AS 403T exhibited the largest SCR (64%) followed by Phoenix (62%), Evermore (53%), and AS 407TQ (52%) ( Table 1) . Six cultivars showed less than 50% of SCR including WL535, Arapaho II, WL363 HQ CO, BD505, Aquamate and GrandSlam and could have categorized as somewhat tolerant to rye allelopathy for seed germination and seedling emergence (Table 1) .
This is an indication that there might be genetic variation in the response to rye allelopathy between the alfalfa genotypes. Alfalfa cultivars with more than 50% reduction in stand count (SCR) can be considered more susceptible to cereal rye allelopathy.
Plant Height and Yield
Analysis of variance of plant heights collected from the after-rye and no-rye alfalfa plots did not show statistically significant differences at α = 0.05 (Table 1) .
Moreover, Tukey's post-hoc pairwise comparison also showed that there were no significant height differences between genotypes within the same treatment Table 2 ) was significantly different (p < 0.01) between the same genotypes grown after-rye and no-rye conditions. Within the no-rye block, there were no significant differences (p > 0.05) in DWT between the ten alfalfa cultivars, whereas in the after-rye treatment, there were differences in DWT of the ten cultivars, which may suggest that there is variability between the ten genotypes in their response to the allelopathic effect of rye. The mean dry weight over the 10 cultivars under no-rye was 6365.8 kg/ha, whereas the mean DWT was only 4576.5 kg/ha in the after-rye plots. Under the no-rye condition, the cultivars AS 407, Aquamate, Araphol II, and Evermore displayed higher biomass dry weights whereas the cultivars WL535, WL363 HQ CO, and AS 403 showed lower dry weights even though the differences were not statistically significant ( Figure 2 , Table 2 ). In the after-rye condition, the cultivars Aquamate, Araphao II and WL363 HQ CO had higher dry biomass, while the cultivars AS 403T, GrandSlam, Evermore had lower biomass ( Figure 2 , Table 2 ). Over all the cultivars, there was an average reduction of 27.9% dry weight biomass yield in the after-rye condition compared to the no-rye. The reduction in DWRT% was lower in WL363 HQ CO (15%), Aquamate (16%), and Phoenix (20%). Similarly, higher reductions in dry biomass was observed in AS 403T (43%) and Evermore (41%) (Figure 2 , Table 2 ). Thus, among the ten cultivars tested, Aquamate and WL363 HQ CO appear to have an acceptable tolerance to rye allelopathy since they showed the least reduction in dry weight biomass when grown after rye. Furthermore, we could not perceive noticeable differences related to the fall dormancy (FD) levels and the yield response to allelopathic effects for rye.
Rye Effect on Weed Suppression in Alfalfa Plots
Several studies indicated that weed control through allelopathy could be an environmentally friendly strategy and alternative to commercial herbicides that have several negative impacts [45] . However, effectiveness of use of rye allelopathy in controlling weeds in alfalfa stands had not been documented. This study investigated the potential use of rye allelopathy to control weeds in alfalfa. Although established stands of alfalfa are fairly competitive with weeds [46] , seedlings are particularly susceptible to weed competition. Weeds emerging soon after seeding could reduce alfalfa stand establishment and eventually yield [47] .
Managing weeds in a timely manner after alfalfa germination is necessary to prevent stand decline resulting in a reduction in forage yield and quality [48] .
The presence of weeds in the alfalfa plots with no-rye was much greater than in the plots after-rye ( Figure 1 , Table 3 ). Average weed cover over the ten cultivars in the plots with no-rye was 77%, while in the after-rye plots it was below 5%
with variation between cultivars. The weed cover in the plots with no-rye varied from 56.7% in the cultivar Phoenix to 90% in plots with the cultivar Evermore (Table 3) . Types of weeds also varied among the plots, however, there was no unique pattern of particular weed species to any specific cultivar (Table 3) . Plots American Journal of Plant Sciences with the cultivar AS 407TQ had the least number of weed species (2.6) followed by AS 403T and GrandSlam, whereas the cultivar WL363 HQ CO had the highest number of weed species (4.2) ( Table 3) . Major weeds found in this experiment were grass species (Table 3) . Average numbers of weed species present in no-rye plots (4) were greater than the average number of species present in the after-rye blocks (3). These results clearly suggest the strong effect of rye in suppressing weeds in alfalfa plots, which is in agreement with the past reports on rye allelopathy on other crops for weed reduction [12] . 
Long-Term Effect of Rye Allelopathy on Alfalfa Yield
In order to evaluate the long-term effects of rye allelopathy on alfalfa, we measured the total dry biomass production in 2017 (third year after establishment) under a four harvest system. Means of total dry biomass weight (DWT) across the 10 genotypes in the after-rye and no-rye groups showed no statistically significant differences (p > 0.05) ( Figure 3 , Table 4 ). There was significant differences between the cultivars in total dry weight biomass (p < 0.05) for the no-rye group but no difference (p > 0.05) between the same cultivars in the after-rye treatment (Table 4 ). In the after-rye block, the cultivar WL363 HQ CO had the highest mean DWT of 16,411 kg/ha followed by GrandSlam with 15,969 kg/ha Numbers with the same letter are not significantly different based on Tukey's post-hock test at α = 0.05.
( Figure 3 ). The cultivar WL535 had the lowest total DWT of 14,714 kg/ha followed by the cultivar Phoenix with 15,090 kg/ha ( Figure 3 , Table 4 ). Among the cultivars in the no-rye block, BD505 produced the highest DWT of 16,358 kg/ha followed by Evermore with 16,182.0 kg/ha. The cultivar WL535 had the lowest forage yield with 13,527 kg/ha followed by GrandSlam with 13,777 kg/ha ( Figure  3 , Table 4 ). The variation in biomass dry weights among the alfalfa cultivars within the no-rye and the after-rye blocks could be related to the variation in stand persistence and performance differences between cultivars in the particular testing environment. Out of the ten cultivars, six showed more DWT in the after-rye condition than the no-rye, and four showed more DWT in no-rye condition than the after-rye condition ( Figure 3 , Table 4 ). The change in the magnitude of differences in DWT between the same genotypes grown after-rye and no-rye blocks in 2017 compared to that of the establishment year (2015) might have been the result of the historical drought of the year 2016. The year 2016 was one of the driest years on record in Georgia. The J. Phil Campbell site received 32.3 inches of rain, which was half of 2015 (62 inches). The numbers of rainy days were only 94 compared to 142 days in 2015 and about 139 days in 2013. Only 11.2 inches were recorded from the end of May to September. This has most likely resulted in stand kill of the densely populated plots in the no-rye compared to the after-rye plots that were very thin and therefore did not suffer much from the drought. The sparsely spaced plants in the after rye plots, had more room to spread, which might have favored the generation of more tillers. The presence of weeds in the 2017 was not different between the after-rye and no-rye blocks, suggesting that the effect of rye allelochemicals in the soil may not persist beyond the first season after planting. These results corroborate reports that indicated that allelopathy could remain in the soil from a few to several weeks, but definitely has limited persistence because the allelochemicals are degradable [52] . Allelochemical compounds from rye, such as benzoxazinoids, produce phenoxazinones that degraded by Fenton reaction in presence of a fungi [25] . The variable responses displayed by the alfalfa cultivars tested in this study following rye as a previous crop could be an indication that there might be genetic variation among these alfalfa cultivars as to their response to rye allelopathy. For instance, the cultivars Aquamate and WL363 HQ CO were least affected and might harbor some biochemical mechanism allowing them to overcome the effect of allelopathy. The genetic mechanism involved in alfalfa to response to rye allelopathy is mostly unknown. However, the results of this study point to the existence of genetic variation that could be exploited for breeding alfalfa cultivars with high tolerance to rye allelopathy and consequently capitalize on the biological weed control potential of rye.
Conclusion
The results of the present study clearly show that cereal rye suppresses weeds and reduces their establishment by up to 77% in the succeeding alfalfa crop. At the same time, the allelopathic effect of cereal rye on alfalfa leads to reduction in seedling emergence by up to 64%, stand establishment, and eventually forage yield. These observations suggest that the allelopathic effect of rye on alfalfa may not persist beyond the establishment season, but the enormous yield reduction (15% -43%) in the first production year may constitute a costly economic penalty in terms of forage production. Therefore, growing cereal rye as a cover crop preceding alfalfa may need to be considered carefully, given the enormous reduction in stand establishment and forage yield. There was variation in the response of different alfalfa cultivars to the effect of rye residue as indicated by the magnitude of reduction in stand count and forage yield. This warrants more research in multi-location trials with and without rye in order to establish whether there is genetic variation in alfalfa germplasm in their tolerance to cereal rye allelopathy. Weed control in alfalfa using rye allelopathy would be effective if alfalfa cultivars tolerant to rye allelopathy are developed. Future research may also need to focus on applying analytical chemistry to understand the nature of allelochemicals present in rye and their mechanism of action on alfalfa.
